Increased androgen receptor (AR) activity drives therapeutic resistance in advanced prostate cancer. The most common resistance mechanism is amplification of this locus presumably targeting the AR gene. Here, we identify and characterize a somatically acquired AR enhancer located 650 kb centromeric to the AR. Systematic perturbation of this enhancer using genome editing decreased proliferation by suppressing AR levels. Insertion of an additional copy of this region sufficed to increase proliferation under low androgen conditions and to decrease sensitivity to enzalutamide. Epigenetic data generated in localized prostate tumors and benign specimens support the notion that this region is a developmental enhancer. Collectively, these observations underscore the importance of epigenomic profiling in primary specimens and the value of deploying genome editing to functionally characterize noncoding elements. More broadly, this work identifies a therapeutic vulnerability for targeting the AR and emphasizes the importance of regulatory elements as highly recurrent oncogenic drivers.
INTRODUCTION
For over 75 years, the androgen receptor (AR) axis has remained the primary therapeutic target in advanced prostate cancer. The AR is a transcription factor (TF) that upon androgen binding, translocates to the nucleus, binds to specific genomic locations, and ultimately results in stimulation or repression of target genes. The cornerstone of prostate cancer treatment, androgen deprivation therapy (ADT), usually involves ablation of androgen synthesis through chemical castration and may be combined with antiandrogens to further suppress AR signaling.
Despite castrate levels of circulating androgens, tumors progress to a lethal state referred to as castration-resistant prostate cancer (CRPC). Notably, the majority of these tumors continue to depend on AR signaling by adapting to decreased circulating androgens. The most common mechanism of resistance, amplification of the AR locus, occurs in $50% of men with CRPC (Robinson et al., 2015; Visakorpi et al., 1995) . The presumed target of this amplicon is the AR gene. Prior functional data showed that modest increases in AR mRNA and protein levels were found to be both necessary and sufficient to convert prostate cancer growth from a hormone-sensitive to a hormone-refractory stage (Chen et al., 2004) . Thus, modest increases in AR levels can drive a castration-resistant phenotype.
Recurrent alterations in tumors provide prima facie evidence that a region is under selective pressure. Most studies have adopted a gene-centric focus when evaluating somatically acquired alterations. More recently, studies have started to examine recurrent alterations in the noncoding genome. One of the first reports to describe mutations in a gene regulatory region was for the TERT promoter in melanomas (Horn et al., 2013; Huang et al., 2013) . Enhancer mutations have also been identified and lead to gene expression activation through three general mechanisms (Sur and Taipale, 2016) , copy number gain of enhancer regions (Herranz et al., 2014; Zhang et al., 2018; Zhang et al., 2016) , structural rearrangements leading to ''enhancer hijacking'' of a target gene (Northcott et al., 2014; Weischenfeldt et al., 2017) , and somatically acquired mutations that create or alter transcription factor binding sites (Mansour et al., 2014; Puente et al., 2015) . Notably, the enhancer drivers discovered to date tend to account for fewer than 10% of cases.
Enhancers can be characterized as to their state and to the target gene(s) they regulate. The histone code hypothesis has spurred the development of using post-translational histone modifications to characterize the epigenome (Strahl and Allis, 2000) . Chromatin immunoprecipitation followed by highthroughput sequencing (ChIP-seq) of post-translational histone modifications have been used extensively to annotate regulatory elements that correlate with function (Heintzman et al., 2007; Wang et al., 2008) . For example, H3K27ac ChIP-seq is often used to annotate active enhancers and promoters (Creyghton et al., 2010) . Large catalogs of regulatory elements across many tissues and cell types have been generated and are publicly available (ENCODE Project Consortium, 2012; Kundaje et al., 2015) . In addition, studies have demonstrated that the cistrome undergoes reprogramming during cancer pathogenesis and progression (Akhtar-Zaidi et al., 2012; Pomerantz et al., 2015; Ross-Innes et al., 2012; Wang et al., 2009) .
RESULTS

A Highly Recurrent Amplicon Encompasses an
Intergenic Regulatory Element that Interacts with the AR Gene in CRPC Advanced prostate cancer initially responds to antiandrogen therapy, however, development of resistance portends progression to CRPC. Re-evaluation of copy number from 149 tumors derived from 60 men with CRPC revealed an expected peak at the AR gene (Kumar et al., 2016) . Interestingly, a second peak $650 kb centromeric to the gene was observed (Figures 1A and S1A) . This peak coincided with DNaseI hypersensitivity peaks (DHS) that were present in the LNCaP prostate cancer cell line (Figure 1B) (ENCODE Project Consortium, 2012) . Notably, the DHS signal is highly cell-type restricted; it is present in the LNCaP prostate cell line, but notably absent in 103 other cell lines (Figure S1B) . In an independent, higher resolution whole genome sequencing-based dataset of metastatic CRPC tumors, amplification of this candidate regulatory region was observed in 20 out of 23 (87%) cases and was amplified in only 1 out of 57 primary localized tumors. Remarkably, the region harboring the LNCaP DHS was selectively amplified over the AR gene body in 4/23 (17%) of cases (Viswanathan et al., 2018 [in this issue of Cell] ). The data suggest that this region contains a putative regulatory element and is under selective pressure in response to antiandrogens.
To assess if this candidate regulatory region interacted with the AR promoter, we performed high resolution 3C on the LNCaP cell line ( Figure 1C ). We further note that this interaction takes place within two conserved CTCF binding sites across multiple cell types, a feature which demarcates topologically associating domains ( Figure S1C ) (Dixon et al., 2012) .
The AR Candidate Enhancer Becomes Histone Acetylated in CRPC Tumors
To annotate active enhancers and promoters across the prostate genome, we performed ChIP-seq for the histone post-translational modification mark, H3K27ac, in primary prostate specimens (n = 6 localized tumors; n = 4 CRPC metastases). We identified a somatically acquired signal 650 kb centromeric to the AR gene that was present in the CRPC samples but not in the untreated localized tumor samples (Figure 2 ). This 9 kb acetylated region was coincident with LNCaP DHS mentioned above. This region is acetylated in the AR-positive prostate cancer cell lines (LNCaP, 22Rv1, and VCaP), but is not acetylated in the AR-negative PC3 cell line (Figure 2 ).
The AR Enhancer Is Essential for Cell Viability in the LNCaP Metastatic Prostate Cancer Cell Line
To evaluate the functional consequences of this candidate AR enhancer, we performed CRISPR-based pooled screens to interrogate this region. We conducted both a CRISPR-associated protein 9 (Cas9) nuclease screen to create small insertions and deletions (indels) and an epigenetic screen to suppress the region using a nuclease dead-Cas9 (dCas9) protein conjugated to the Krü ppel-associated box (KRAB) transcriptional repressor ( Figure 3A ) (Gilbert et al., 2013) . We designed a high-density set of 878 guide RNAs (gRNAs) that spanned this 9 kb region as well as a set of positive and negative control gRNAs. This pool was cloned and transduced into LNCaP prostate cancer cell lines stably expressing either the Cas9 or the KRAB-dCas9 constructs (STAR Methods). After allowing integration of the introduced constructs and cell proliferation, gRNA abundance was measured at the late time points and compared to earlier time points. Over time, gRNAs targeting the functionally relevant regions of the enhancer were expected to be depleted because the LNCaP cell line is AR-dependent. A sliding window analysis for both screens revealed that the top-scoring gRNAs overlapped strongly with the three DHS LNCaP sites ( Figure 3B ; STAR Methods).
The top scoring gRNAs, which were located in the second DHS peak, were independently validated by assessing their effect on multiple cellular phenotypes. The gRNAs significantly (B) DNaseI hypersensitivity data from the LNCaP prostate cancer cell line showing copy-number gain overlapping with regions of open chromatin. (C) Chromosome conformation capture (3C) experiment performed in the LNCaP prostate cancer cell line reveals interaction between the candidate regulatory region and the AR promoter. The AR promoter was used as bait (dashed line at AR promoter). Each interaction frequency between the bait and candidate region was measured by quantitative PCR in triplicate. All interactions were normalized to a BAC control spanning this region. Error bars represent the SEM. See also Figure S1 .
suppressed AR levels and proliferation compared to control gRNAs . We confirmed that recruitment of KRAB-dCas9 to the enhancer significantly decreased H3K27ac levels by ChIP-qPCR ( Figure S2D ). Because the AR influences many target genes, we evaluated the effect of enhancer suppression on these AR-responsive transcripts. Target gene transcript levels demonstrated alterations consistent with their known effect after AR gene suppression (Figure S2E) . Next, we inhibited the AR enhancer in a cell line that exogenously expressed a tagged version of AR. The effects on proliferation and gene expression that were observed during enhancer suppression were rescued by the forced expression of AR, consistent with the phenotypes being mediated through the AR ( Figures 3D, S2F , and S2G).
AR Enhancer Allelic Knock-In Confers a CastrationResistant State
To more faithfully model what is observed in advanced prostate cancer clinical specimens, we created a cell line carrying an additional copy of the enhancer using a homology directed repair (HDR) strategy. A repair template containing the AR enhancer was co-transfected with CRISPR-Cas9 and a gRNA to create a double strand break 4 kb telomeric to the native enhancer in the LNCaP cell line ( Figure 4A ; STAR Methods). Three independent clones carrying one extra copy of the enhancer were identified. Each one of the clones expressed higher AR mRNA and protein levels ( Figures 4B and 4C ). In addition, H3K27ac signal was significantly increased in the enhancer duplicated cells compared to the parental cells ( Figure S3 ). Strikingly, compared to three control cell lines, the clones carrying the extra enhancer revealed increased proliferation rates at low androgen doses ( Figure 4D ). These results phenocopy what is observed in LNCaP cells overexpressing the AR gene, an established model for CRPC (Chen et al., 2004) . To evaluate the response to enzalutamide, a direct AR antagonist used in the clinic to treat men with CRPC, we treated the clones with increasing doses of enzalutamide. Notably, all of the clones demonstrated significantly decreased sensitivity compared to the controls ( Figure 4E ).
The AR Enhancer Resembles a Developmental Enhancer
Publicly available ChIP-seq datasets demonstrate that multiple trans-acting factors bind to this enhancer in LNCaP, including FOXA1, HOXB13, NKX3-1, GATA2, and AR (Mei et al., 2017) ( Figures S4A and S4B) . Previous studies have shown that suppression of HOXB13 and GATA2 expression leads to decreased AR levels (He et al., 2014; Pomerantz et al., 2015) . Whether AR suppression is being mediated directly through this enhancer, however, is currently unknown.
In localized tumors, despite the absence of H3K27ac, the AR enhancer is unexpectedly bound by multiple transcription factors. In a previously characterized set of 13 localized prostate tumors, peaks 2 and 3 were called as tumor-AR binding sites, which were defined as regions where AR binding intensity is greater in tumors compared to a set of benign epithelium (Pomerantz et al., 2015) . To assess binding of additional prostate cancer transcription factors, we performed HOXB13 and FOXA1 ChIP-seq in a set of four localized tumors. Interestingly, signal was present for both HOXB13 and FOXA1 predominantly at DHS peaks 2 and 3 ( Figure 5A ).
Enhancers can be further categorized based on the constellation of histone modifications and methylation status. Primed enhancers are typically marked by the presence of H3K4me1 or H3K4me2 whereas poised enhancers also include H3K27me3. Notably, the AR enhancer region is devoid of H3K4me2 and H3K27me3 in localized tumors (Figures 5A and S4C) . Enhancers that were active during development and then become dormant in adult tissues are referred to as vestigial enhancers and can be identified by the absence of histone marks and being hypomethylated (Hon et al., 2013) . Using previously published whole genome bisulfite sequencing data, we observed that the enhancer region is largely methylated in prostate tissue, with the exception of two regions of hypomethylation where levels drop below 0.25 (Yu et al., 2013) (Figure 5B ). Notably, these hypomethylated regions coincide with two of the DHS peaks, with the strongest signal exhibited in DHS peak 2. The hypomethylation signal of DHS peak 2 is consistent across benign and cancerous prostate tissue ( Figure 5B ). Based on these data, we speculate that the AR regulatory region was active during development, became decommissioned and epigenetically bookmarked in adult tissue, and was subsequently reactivated in CRPC disease ( Figure S5 ).
DISCUSSION
The AR remains a key target in the treatment of advanced prostate cancer. While suppressing AR signaling is the primary therapeutic objective in advanced prostate cancer, the transcriptional regulation of the AR gene itself is not well understood. Most of the work on transcriptional control has focused on the AR promoter (Blok et al., 1992; Tilley et al., 1990) and UTRs (Wang et al., 2004) . More recently, using chromatin immunoprecipitation (ChIP), an enhancer located in the second intron of the AR gene was identified that contributed to increased AR expression levels at low androgen levels in CRPC (Cai et al., 2011) . Another study reported a role for the retinoic acid receptorrelated orphan receptor g (ROR-g) in controlling AR gene expression through an ROR-g binding site in exon 1 of the AR locus (Wang et al., 2016) .
Amplification of the AR region as a mechanism of resistance was first described over 20 years ago (Visakorpi et al., 1995) and remains the most highly recurrent mutation observed in advanced prostate cancer. For the past two decades, the AR gene itself was the presumed target of the amplicon. Multiple lines of evidence now demonstrate the clear importance of the AR enhancer as a target. Whole genome sequencing data demonstrate that this region is under selection pressure in CRPC; this region is either co-amplified with the AR gene or is relatively more amplified than the AR gene in a high percentage of CRPC cases (Viswanathan et al., 2018). ChIP-seq data reveal that this region is acetylated only in CRPC compared to localized disease and that LNCaP cells are functionally dependent on this enhancer. Recent efforts have demonstrated that noncoding regions, specifically regulatory regions, can behave as oncogenic drivers; however, many of these examples occur in a small fraction of cases. By contrast, AR enhancer amplification is highly prevalent (Viswanathan et al., 2018) . These observations broaden our notion of noncoding drivers and set the stage for expanding the range of therapeutic targets. The mechanisms by which enhancers become commissioned and decommissioned over space and time are largely unknown. A somatically acquired enhancer for the TAL1 oncogene was created de novo through the acquisition of a mutation that created a MYB binding site (Mansour et al., 2014) . Another study revealed an inherited polymorphism that correlated with a superenhancer in the LMO1 gene in neuroblastoma. The presence of the risk allele created a consensus GATA binding motif leading to increased GATA3 binding and increased LMO1 expression (Oldridge et al., 2015) . These examples demonstrate how enhancers emerge through the creation of transcription factor binding sites (TFBS). By contrast, the AR enhancer region does not appear to create de novo TFBS as there are no recurrent single nucleotide variants or indels (Viswanathan et al., 2018) . Prior studies showed enhancer dependencies through loss of function studies. In addition to demonstrating loss of function, our study demonstrated that insertion of a single additional copy of the AR enhancer, which models the CRPC clinical state, was sufficient to drive a castration resistant phenotype.
The pattern of epigenetic marks during the transition from localized to CRPC tumors is consistent with this region being a developmental enhancer that becomes reactivated in CRPC. Prior literature has identified a class of vestigial enhancers that are defined as regulatory elements that were active during development and became quiescent in adult tissue. These enhancers were defined by an epigenetic configuration of hypomethylation and absence of histone marks that define poised, primed, and active enhancers (Hon et al., 2013) . Notably, transcription factor binding was present in primary localized, non-metastatic tumors in the absence of H3K27ac, H3K27me3, and H3K4me2 signals. Finally, peaks 2 and 3 were hypomethylated in benign and localized tumors using previously generated whole genome bisulfite sequencing data (Yu et al., 2013) . Therefore, we posit that this element is a vestigial enhancer that becomes activated during the selective pressure exerted by antiandrogen treatment (Figure S5) .
Our findings suggest additional opportunities for epigenetic therapeutic targeting of the AR in CRPC. CRISPRi against this element showed that deacetylation of this enhancer element effectively suppresses AR signaling and decreased sensitivity to enzalutamide. Therefore, specific targeting of the AR enhancer should, in theory, provide an additional therapeutic avenue to suppress AR levels. The cognate transcription factors that bind the AR enhancer may also serve as targets for therapeutic intervention. Although transcription factors have been historically difficult to target with small molecules, emerging technologies such as small molecule microarrays (Hong et al., 2014) and Degronimids (Winter et al., 2015) may render it possible to therapeutically target specific transcription factors required for enhancer activation.
Through an integrative analysis of ChIP-seq in primary specimens across state transitions, copy-number alterations, 3C, and genome editing, we have identified a somatically acquired, functionally relevant enhancer of the AR in CRPC. Copy-number data demonstrating that this region is under selective pressure coupled with the observation that a single extra copy of the enhancer is sufficient to induce decreased sensitivity to enzalutamide strongly supports the importance of non-genic elements as oncogenic drivers. We speculate that future efforts to target this enhancer may present additional viable opportunities for targeting the AR in advanced prostate cancer.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Tissue cohort Fresh-frozen radical prostatectomy and metastatic specimens were selected from the Dana-Farber Cancer Institute/Harvard Cancer Center SPORE biobank and database, as part of DFCI Protocol 01-045, approved by the Dana-Farber Cancer Institute/Harvard Cancer Center Institutional Review Board. Informed consent was obtained from all subjects whose samples were included in the study. The patients were men aged 41-67 years, with a median of 57 years. A genitourinary pathologist reviewed slides stained with hematoxylin and eosin from each case and isolated areas estimated to be enriched by > 70% for prostate tumor tissue. The metastatic specimens were obtained by biopsies from four individuals and were comprised of three liver mets and one lymph node. All patients had metastatic CRPC.
Cell Lines
LNCaP and 22Rv1 cell lines were from ATCC and grown in RPMI (Invitrogen) supplemented with 10% fetal calf serum (Sigma), 100 U/mL penicillin, and 100 mg/mL streptomycin (Invitrogen). 293T cells were from ATCC and grown in DMEM (Invitrogen) supplemented with 10% fetal calf serum (Sigma), 100 U/mL penicillin, and 100 mg/mL streptomycin (Invitrogen). Cell lines were authenticated by short tandem repeat profiling and tested negative for mycoplasma (DDC Medical). LNCaP cell line overexpressing exogenous AR (LNCaP-AR) was generated by transducing LNCaP cells with pXPR_BRD118-AR followed by selection with hygromycin.
METHOD DETAILS
Design and creation of gRNA plasmid library Every possible 20 nucleotide guide RNA (gRNA) spanning the region from 66,118,920 to 66,127,943 (UCSC sequence Genome Browser hg19) was designed based on the NGG protospacer adjacent motif (PAM) of S. pyogenes Cas9. This resulted in 878 gRNAs with an average distance of 10 bp between cleavage sites. For positive controls, we included gRNAs targeting the common essential genes EIF4A3, SF3B3, and RPL23, as well as the AR gene based on the Avana library sequences from the Broad Institute's genomescale CRISPR library (Doench et al., 2016) . For negative controls, we used 100 nontargeting gRNAs previously described (Wang et al., 2014) . Table S1 provides the sequences for the complete library pool consisting of 1018 gRNAs. Sequences were appended to facilitate cloning and amplification by PCR and the library was purchased from CustomArray as a pool of single stranded oligonucleotides. The oligonucleotide pool was amplified using NEBNext polymerase (New England Biolabs) and cloned into pXPR_BRD003 by Golden Gate cloning. The plasmid pool was transformed into Stbl4 electrocompetent cells (Invitrogen) and DNA purified using QIAGEN maxiprep kit.
Pooled lentiviral CRISPR/CRISPRi screen of AR enhancer Lentivirus was generated by transfecting 293T cells with the plasmid pool together with the packaging plasmids pVsVG and pdelta8.9 using TransIT-LT1 transfection reagent (Mirus). Supernatant containing virus was harvested 48 hours after transfection and used to transduce LNCaP cell lines stably expressing Cas9 or KRAB-dCas9. LNCaP cells stably expressing Cas9 or KRAB-dCas9 were generated by transduction with pLEX_311-Cas9 or lenti-KRAB-dCas9-blast followed by selection with blasticidin. Viral transductions were performed in the presence of 4 mg/ml polybrene with centrifugation at 2000 g for 2 hours. Medium was changed 24 hours after infection and replaced with medium containing 2 mg/ml puromycin for 3 days. The optimal virus concentration for the screen was determined by titrating the volume of virus to obtain an infection efficiency of approximately 30% as determined by calculating the viability of cells in the absence and presence of puromycin. This corresponds to a multiplicity of infection < 1 to ensure that each cell receives a single gRNA. For the screen, 3 3 10 6 cells were transduced corresponding to an overall representation of 3000 cells per gRNA. Cells were passaged every 3-4 days, with an aliquot of 3 3 10 6 cells harvested with each passage for isolation of genomic DNA. Genomic DNA was harvested using QIAGEN DNeasy. Each screen was done in duplicate. Libraries were generated by PCR amplification of gRNA sequence using construct specific primers containing Illumina adaptor sequences and barcodes for multiplexing. PCR product was purified after separation by agarose electrophoresis using QIAGEN gel purification kit and submitted for sequencing on Illumina MiSeq using 75 bp paired end reads. We sequenced genomic DNA taken from cells harvested at days 3 and 7 (early time points) and days 16 and 20 (late time points).
Proliferation Assays
Cells were transduced with lentivirus in the presence of 4 mg/ml polybrene and medium changed after 24 hours. After selection for 72 hours with medium containing puromycin, cells were counted and replated into 12 well plates. Cells were counted after 5 days using a Beckman Vi-cell counter.
Competition Experiments
LNCaP cells stably expressing firefly luciferase or Renilla luciferase were generated by transduction with pLX313-Firefly Luciferase or pLX313-Renilla Luciferase followed by selection with hygromycin. LNCaP cells expressing firefly luciferase were transduced with lentivirus expressing both Cas9 and gRNA (pXPR_BRD023) and selected for 72 hours with puromycin. LNCaP cells expressing Renilla luciferase were similarly transduced with Cas9 and nontargeting gRNA. Cells were counted and firefly luciferase and Renilla luciferase expressing cells were mixed in a 1:1 ratio and plated in a 96 well plate. Cells were passaged every 3-4 days and relative ratio of cells were determined at indicated time points using Promega Dual-Glo. To ensure that differences were not influenced by the reporter plasmid, the experiment was also repeated after switching firefly and Renilla luciferase.
Quantitative RT-PCR RNA was isolated using QIAGEN RNeasy Plus Kit and cDNA synthesized using Clontech RT Advantage Kit. Quantitative PCR was performed on a Quantstudio 6 using SYBR green. Primers used for qRT-PCR are listed in Table S2 .
Immunoblotting Cells were lysed using RIPA buffer (Sigma) and quantified by BCA assay (Thermo). Equal amounts of protein were loaded onto 4%-12% Bis-Tris NuPage gel (Life Technologies) and immunoblotting performed per standard protocol and images obtained using LI-COR Odyssey Imaging System. Antibodies used: Androgen Receptor (Cell Signaling Technology D6F11), Beta-Actin (Cell Signaling Technology 8H10D10), Goat anti-Rabbit IgG (LI-COR), Goat anti-Mouse IgG (LI-COR).
Cloning
For validation experiments, gRNA sequences were synthesized as complementary single stranded oligonucleotides with sticky ends (detailed protocol also available at https://www.broadinstitute.org/rnai/public/resources/protocols). Following annealing, oligonucleotides were cloned into pXPR_BRD023 (vector containing Cas9 and gRNA), lenti_U6sg-KRAB-dCas9-puro (vector containing KRAB-dCas9 and gRNA), or pXPR_BRD003 (vector with gRNA only).
AR enhancer knock-in
To generate the targeting vector for homologous recombination (HR), we PCR amplified 1 kb genomic regions (chrX:66130001-66130990 and chrX:66131028-66132047) located approximately 4 kb telomeric to the AR enhancer. These served as the homology arms that were cloned into the BsrGI site and NotI/SalI sites, respectively, of the vector HR700PA-1 (System Biosciences). We then PCR amplified the 9 kb AR enhancer from LNCaP genomic DNA and cloned the region into HR700PA-1 containing the homology regions using the NotI and MluI sites. HR700PA-1 contains a GFP-puromycin cassette for positive selection that is flanked by LoxP sites allowing subsequent removal by Cre recombinase. We designed a gRNA for CRISPR-Cas9 editing to target position 66131023. The gRNA sequence was synthesized as complimentary single stranded oligonucleotides for cloning into pXPR_BRD003. The HR targeting vector, a Cas9 expression plasmid (pLEX_304-Cas9), and the gRNA expression plasmid were delivered to LNCaP cells by nucleofection and plated in 6 well plates. After 10 days, cells were selected by puromycin for an additional 7 days, and clones from each well identified by limiting dilution in 96 well plates. Colonies were screened by 2 sets of PCR primers with each set containing one primer complimentary to genomic DNA outside of the HR arms and one primer corresponding to the insert. Positive clones were then transfected with a Cre expression plasmid (Santa Cruz) by nucleofection and GFP negative cells sorted by FACS to identify cells that successfully underwent recombination to remove the GFP and puromycin selection markers. We subsequently confirmed successful recombination using primers spanning the HR arms as depicted in Figure 4 . Primer sequences used are listed in Table S2 .
Chromosome Conformation Capture
Chromosome Conformation Capture (3C) was performed as previously described (Pomerantz et al., 2009) . Ten million LNCaP cells were harvested and fixed with 1% formaldehyde for 10 min. Cells were lysed (10 mM Tris-HCl pH 8, 10 mM NaCl, 0.2% Nonidet P-40) and pelleted nuclei were resuspended in restriction enzyme buffer (NEB) containing 0.1% SDS and 1.6% Triton X-100. 1500 units of BglII (NEB) were added and incubated at 37 C overnight. Digestions were halted by incubation with 1.5% SDS at 65 C for 30 minutes. Digested samples were added to ligation buffer containing 4000U T4 DNA ligase (NEB) and 1% Triton X-100 to neutralize SDS and incubated for 24 hr at 16 C. Crosslinking was reversed by overnight incubation at 65 C with proteinase K. Libraries were extracted using standard phenol/chloroform protocols, precipitated using ethanol, and desalted using Microcon Ultra Cell 30K filter columns. Primers were designed against the AR promoter and against the restriction fragments containing the AR enhancer ( Figure 1C ; Table  S2 ). PCR was performed using Taq polymerase (QIAGEN), using the following conditions: 5 min at 94 C, 35 cycles of (20 s at 94 C, 20 s at 61 C, and 30 s at 72 C), and 10 min at 72 C. The PCR products were run on a 1.7% agarose gel, gel purified using the QIAgen Gel Extraction kit, and sequenced.
Crystal Violet Proliferation Assays
Cells were washed twice with medium supplemented with charcoal stripped serum and plated in 12 well plates in medium with charcoal stripped serum at a density of 25,000 cells per well. The medium was replaced at 24 hours and again after 4 days with medium containing indicated concentrations of R1881 (Sigma). Cells were harvested 7 days after R1881 treatment by fixing with methanol and staining with crystal violet. Images were taken on a Leica Z6 microscope. Crystal violet was solubilized by 10% acetic acid and absorbance measured at 595 nm.
Enzalutamide Treatment
Cells were plated in 96 well plates at a density of 1,000 cells per well and allowed to adhere for 24 hours before treatment with indicated concentrations of enzalutamide (Selleck) in DMSO. Viability was measured by CellTiter-Glo (Promega) after 7 days and relative luciferase units normalized to vehicle control.
Transcription Factor ChIP-seq in human tissue specimens Using a 2-mm 2 core needle, approximately three cores (TF) were extracted from areas circled on each slide. Frozen cores were pulverized using the Covaris CryoPrep system. Tissue was then fixed using 1% formaldehyde with methanol for 18 min at room temperature, and fixation was quenched with 2M glycine. Chromatin was sheared to 300-500 bp in size using the Covaris E220 ultrasonicator. The resulting chromatin was incubated overnight with 6 mg of antibody-to AR (E2724, Spring Biosciences), HOXB13 (sc-66923, Santa Cruz Biotechnology) or FOXA1 (ab23738, Abcam)-bound to protein A and protein G beads (Life Technologies). A fraction of the sample was not exposed to antibody and was used as control (input). Samples underwent cross-linking reversal and were treated with RNase and proteinase K, and DNA was extracted. Concentrations of ChIP DNA were quantified by Qubit fluorometer (Life Technologies). DNA sequencing libraries were prepared using the ThruPLEX-FD Prep kit (Rubicon Genomics). Libraries were sequenced using 75-bp reads on the Illumina platform at the Dana-Farber Cancer Institute.
Histone ChIP-seq in human tissue specimens One 2-mm 2 frozen core was pulverized using the Covaris CryoPrep system. Tissue was then fixed using 1% formaldehyde with methanol for 18 min at 37 C, and quenched with 2M glycine. Chromatin was sheared to 300-500 bp in size using the Covaris E220 ultrasonicator. The resulting chromatin was incubated overnight with 6 mg of antibody-H3K27ac (C15410196, Diagenode), H3K4me2 (07030, Millipore), or H3K27me3 (9733S, Cell Signaling)-bound to protein A and protein G beads (Life Technologies). A fraction of the sample was not exposed to antibody and was used as control (input). Samples underwent cross-linking reversal and were treated with RNase and proteinase K, and DNA was extracted. The concentrations of ChIP DNA were quantified by Qubit fluorometer (Life Technologies), and DNA sequencing libraries were prepared using the ThruPLEX-FD Prep kit (Rubicon Genomics). Libraries were sequenced using 75-bp reads on the Illumina platform at the Dana-Farber Cancer Institute.
H3K27Ac ChIP on 22RV1 cells H3K27Ac ChIP in 22RV1 cells was performed as previously described (Pomerantz et al., 2015) . Ten million cells were fixed using 1% formaldehyde (Thermo fisher, Waltham, MA) for 10 minutes at 37 C. Chromatin was sheared in ice cold lysis buffer (50mM Tris, 10mM EDTA, 1% SDS with protease inhibitor) to 300-500 base pairs using the Covaris E210 sonicator. The sample was incubated with 1 mg H3K27Ac antibody (Diagenode, C15410196, Denville, NJ) coupled with protein A and protein G beads (Life Technologies, Carlsbad, CA) at 4 C overnight. The chromatin was washed with RIPA washing buffer (0.05M HEPES pH 7.6, 1 mM EDTA, 0.7% Na Deoxycholate, 1% NP-40, 0.5M LiCl). After decrosslinking, IP DNA as well as its input were extracted using QIAGEN Qiaquick columns, and sequencing libraries prepared using the ThruPLEX-FD Prep Kit (Rubicon Genomics, Ann Arbor, MI). Libraries were sequenced using 75-base pair single reads on the Illumina platform at the Dana-Farber Cancer Institute.
Histone ChIP-qPCR in cell lines Following transduction, 10-15 million cells were fixed using 1% paraformaldehyde for 10 minutes at room temperature and quenched with glycine. Nuclei were isolated and chromatin sheared by sonication using Branson 450 in lysis buffer (10 mM Tris pH 8.0, 5 mM EDTA, 2.5 mM EGTA, 0.5% sarcosine). Immunopreciptation was done overnight with 2 mg of antibody. Antibodies used: anti-H3K27ac (Cell Signaling D5E4). Protein A magnetic beads (Life Technologies) were added and incubated for 1 hour at 4 C. Immunoprecipitates were washed with low salt buffer (20 mM Tris pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% Triton), high salt buffer (20 mM Tris pH 8.0, 500 mM NaCl, 2 mM EDTA, 1% Triton), LiCl buffer (100 mM Tris pH 8.0, 500 mM LiCl, 1% NP-40, 1% deoxycholate), and twice with TE (10 mM Tris pH 8.0, 1 mM EDTA). DNA was eluted with TE with 1% SDS for 10 minutes at 65 C. Crosslinking was reversed by treating with proteinase K at 65 C for 6 hours followed by RNase treatment for 30 min at 37 C. DNA was purified using QIAGEN PCR purification kit, and quantified using qPCR. Primers used are listed in Table S2 .
T7 Endonuclease I assay As described previously (Spisá k et al., 2015) , transduced cells were harvested 3 days after puromycin selection, and genomic DNA was isolated (QIAGEN). Amplicon including gRNA target sites were generated using AR_P2_1196 peak 2 specific primer pairs (Table  S2) . PCR products were purified by Ampure XP (Agencourt) magnetic beads according to the manufacturer's instructions. 500 ng of purified PCR product was denatured and reannealed in 1x NEBuffer 2.1 (New England Biolabs) using the following protocol: 95 C, 5 min; 95-85 C at À2 C/s; 85-25 C at À0.1 C/s; hold at 4 C. Hybridized PCR products were treated with 10 U of T7 Endonuclease I at 37 C for 30 min in a reaction volume of 30 ml. Reactions were stopped by the addition of 2 mL 0.5 M EDTA, purified with Ampure XP magnetic beads. DNA fragments were visualized on 1% agarose gel. Digested PCR products were analyzed on 1% agarose gel.
Data visualization for ChIP-seq samples For ChIP-seq signal visualization, the Gviz Bioconductor package was used (Hahne and Ivanek, 2016) .
QUANTIFICATION AND STATISTICAL ANALYSIS
Proliferation, qRT-PCR, ChIP-qPCR, competition experiments Data from at least three independent biological replicates were used to determine the average and standard deviation. Statistical tests used and p values are described in the figure legends.
Copy number variation analysis on chromosome X The dataset of 149 prostate cancer tissue samples (GSE77930) from 60 patients with metastatic CRPC was downloaded from GEO database (Kumar et al., 2016) . Each patient had multiple sites analyzed by comparative genomic hybridization (CGH) SNP arrays. Patient level probe value information was calculated for each patient using average values of the corresponding samples. The average copy number values for the whole cohort were calculated as the mean of patient level copy numbers. Cumulative gain levels were calculated for each patient for the AR gene and the enhancer, using the mean of all probes in the AR gene and the mean of the 3 closest probes for the enhancer. Genomic coordinates were converted and values at chr X:63,000,000-70,000,000 were visualized using hg19 human reference genome.
Chromosome Conformation Capture Quantification
For analyzing long-range interaction quantitatively, BAC clones (RP11-137A22, RP11-807F19) to cover AR promoter and AR enhancer candidate region on chromosome X were obtained from the Children's Hospital Oakland Research Institute. A BAC library was prepared as previously described (Miele et al., 2006) . Two BAC clones were purified using BAC DNA prep kit (Zymo Research) and were mixed in equimolar. 20 mg BAC DNA was digested with CSP6I (Fisher biosciences) at 37 C overnight followed by 1:1 phenol/chloroform extraction and ethanol precipitation purification. 1 day ligation with T4 DNA ligase (NEB) at 16 C was performed. Then BAC library was purified and is used as BAC genomic DNA control template for 3C long range interaction verification. 3C libraries as well as the BAC library were titrated by serial dilution to identify the concentration of template for quantitative PCR analysis for each genomic region of interest. The PCR products were run on an agarose gel and stained with ethidium bromide. Intensity measurements for each of the bands were quantified using ImageQuant LAS4000 (Roche) with Image QuantTL8.1 software (Roche). The interaction frequency was determined by dividing the amount of PCR product obtained using the 3C template by the amount of PCR product obtained using the control template. Each template was run in triplicate and the standard error of measurement (SEM) calculated. The SEM for each amplicon was less than 15%. 
